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ABSTRACT 

Results are reported of a NASA sponsored 
analytical investigation into the merits of 
advanced counter rotation propellers for 
Mach 0.80 commercial transport application. 
The study considered propeller and gearbox 
performance, acoustics, vibration character- 
istics, weight, cost and maintenance 
requirements for a variety of design para- 
meters and special features. Fuel savings 
in the neighborhood of 8 percent relative to 
single rotation configurations are feasible 
through swirl recovery and lighter gear- 
boxes. This is the net gain wh 'h includes 
a 5 percent acoustic treatment weight 
penalty to offset the broader frequency 
spectrum of the noise produced by counter 
rotation propellers. 


IN 1975, NASA-LEWIS INITIATED a research 
program addressing high speed propeller 
technology. Since then, the emergence of 
the prop-fan as a fuel conservative competi- 
tor to the high pressure ratio turbofan has 
created new interest in propeller technology 
development. Both the analytical studies 
and wind tunnel tests have shown that effi- 
ciencies of about 80 percent are achievable 
at the flight Mach number region of 0.7 to 
0.8 where single rotation prop-fans (SRP) 
are intended for operation. Although the 
prop-fan is lightly loaded in relation to a 
high pressure ratio turbofan, it is highly 
loaded in relation to today's three and four 
bladed propellers designed for lower fligh^ 
speeds. Loadings expressed as shaft horse- 
power divided by the square of the blade tip 
diameter, SHP/O^, at their cruise design 
point are about 300 for a 1.60 pressure 
ratio turbofan, 30 to 40 for prop-fans and 
10 to 15 for low-speed application three and 
four bladed propellers. Tne turbofan has 


the smallest diameter and imparts the 
highest swirl velocity to the airstream. 
The swirl from the turbofan rotor is turned 
to the axial direction by a downstream row 
of stator blades. These stators convert the 
swirl to a static pressure rise which 
appears as an increase in propulsive thrust 
and yields a cruise efficiency of about 65 
percent. The lightly loaded three and four 
bladed propellers used in low-speed aircraft 
do not impart high swirl velocities and as a 
result do not have a significant amount of 
swirl energy in the slipstream. The single 
rotation prop-fan diameters are about 50 
percent smaller than conventional propel- 
lers. Swirl velocities for the prop-fans 
are higher and full recovery of the swirl 
energy by employing counter rotation could 
improve the design point cruise efficiency 
by about 8 efficiency points. This poten- 
tial for increased fuel savings was the main 
Impetus of this study. 

The present study was conducted at the 
0.8 Mach number condition to allow compari- 
son with available 0.8 Mach number SRP 
information. However, it is not intended to 
promulgate 0.8 Mach number counter rotation 
propeller (CRP) operation. 

HISTORY OF COUNTER ROTATION 

This potential has intrigued the 
designers of a variety of advanced, special 
purpose aircraft because of the possible 
large gains in mission performance. How- 
ever, despite repeated attempts to apply 
counter rotation, such propellers have 
generally not proven viable because of their 
higher cost and lower reliability which have 
more than offset the benefits. Accordingly, 
only a relatively few limited production 
installations nave gone into service in the 
United States. Examples of U.S. counter 
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rotation propeller aircraft are the Vought 
F4U, the Convair R3Y-1, and the Northrop 
XB-35, among others (fig. 1). 

The one production usage In the United 
States was the Convair R3Y Navy flying boat 
powered by four 5000 hp Allison T-40 engines 
each driving a 15-foot diameter six-bladed 
counter rotation propeller. Eleven of these 
aircraft were built and were In operational 
service for several years beginning In 1954. 

Successful examples of foreign counter 
rotation designs are the Russian TU-114 
commercial transport (fig. 2) which have 
been In operational service for over 20 
years and apparently have been performing 
effective missions. 

Another, less publicized production 
application of counter rotation propellers 
Is the British Avro "Shackleton" 4-engine 
reconnaissance aircraft. This aircraft was 
first flown In early 1949 and there are 
still approximately 200 aircraft in the 
South African Air Force. This Installation 
has 4 Rolls-Royce Griffon 57 piston engines 
rated at 2450 hp, each driving a de 

Havllland 6-bladed, 13.0-foot diameter pro- 
peller. 

COUNTER ROTATION COMPLICATIONS - It 
should be noted that In the cited historical 
aircraft, use of the counter rotation pro- 
peller and gearbox involved radical depar- 
tures from previous design practices. In 

some cases the resulting designs added con- 
siderable complexity and weight to the pro- 
peller system (fig. 3). The subsequent 
result was greater cost and maintenance 
requirements. Also, aircraft programs of 
that time did not allow for sufficient com- 
ponent development in critical areas such as 
oil seals, pumps, hydraulic motors, gear 
trains, bearings, etc. This lack of devel- 
opment resulted In a myriad of operational 
problems ranging from Internal and exi’arnal 
leakages to actual gear train fari"".». It 
was this adverse operational »xper1ence, 
more than hardware costs, that discouraged 
the further use of counter rotation In the 
past. 

In retrospect, it Is clear that these 
prior attempts to Introduce counter rotation 
propellers were severely handicapped by two 
factors: a lack of refinement In the appro- 

priate technologies, and Insufficient hard- 
ware development. Furthermore, they did not 
Involve sufficiently stringent design condi- 
tions (aircraft speed, propeller disk load- 
ing, etc.) to attain the full potential of 
counter rotation. 

None of these problems represented fun- 
damental deficiencies of the counter 


rotation concept, and all were amendable to 
effective solution given proper development 
effort. However, the strong post-war move 
toward jot propulsion reduced propeller 
development and the available propeller R&O 
funding was concentrated on the development 
of the single rotation turboprop. Many of 
the mechanical design refinements that 
emerged from the single rotation turboprop 
programs could have been equally effective 
for counter rotation, but came too late to 
revive an Interest. 

It was also recognized that the aerody- 
namic and acoustic analysis methods for 
counter rotation had not been fully devel- 
oped and would require further significant 
effort to bring them to an adequate level of 
refinement for production usage. A major 
improvement to the aerodynamic methodology 
was made by T. Theodor sen of NACA In the mid 
1950 ‘s, and was applied to the aerodynamic 
design of several successful, experimental 
counter rotation propellers. Current aero- 
dynamic and acoustic prediction methodology 
has been developed for high speed counter 
rotation prop-fans which Is a significant 
extension of previous analytical capability. 

Any future counter rotation prop-fans 
would presumably still be faced with added 
design complexity, weight and costs. The 
main objective of the NASA sponsored study 
reported here was to determine whether the 
performance benefits of a properly designed 
counter rotation prop-fan/gearbox combina- 
tion would substantially offset these dis- 
advantages. 

HISTORICAL PERFORMANCE DATA - Based on 
previous SBAC prediction methods (1)*, vari- 
ations in ideal efficiency with tip speed 
and power loading for single and counter 
rotation, 10-oladed propellers are shown in 
figure 4 for 0.80 Mach cruise at an altitude 
of 35000 feet. Experience has shown that 
single rotation propellers can achieve 
actual efficiency levels within about 4 
percentage units of those shown. 

Swirl recovery reduces the magnitude of 
efficiency degradations at high power load- 
ings and/or low tip speeds typically asso- 
ciated with single rotation propellers. 
Therefore, the Ideal efficiency advantage 
offered by counter rotation propellers 
varies from about 5 to 15 units of effi- 
ciency for the range of conditions shown In 
figure 4. 


♦llumbers in parentnesis designate References 
at end of paper. 
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A literature survey has shown that the 
cwSraVwe ^f»™ance levels bet.een sle- 
Qle^ and counter rotation propellers have 
Jlso been established experimentally using 

Models. The model blades 

nately low speed designs In that 
were fairly thick and unswept. When these 
models were tested at high Mach 
n no for Instance, both the single and 
ciSSter roUtlon propellers exhibited low 
Sfl^iencI levels at tip speeds and power 

loadings corresponding P® P*"°P"^^"® that 
ever, the trends nearly always showed that 
the counter rotation P'‘°P®^1®'". lu® 

were significantly higher 

single rotation propellers. Tne teb®mion 
of experimental efficiency gams m Table 1 
^Lws the elght-bladed counter rotation 

rf?fc 1 encies to\e 11 Pja^^fp/^^^ThSe 

the single rotation propellers (2). These 
aJe basid upon low Mach number P®^ 
at advance ratios and power coefficients 
that simulate the tip speeds and power 
inos appropriate for 0.80 Mach cruise 
IllnSl of 35.000 'SV .ff - 

9 . 1 ns are sno»n “ .,“5“^ '1% „ercentMe 

ripnrv Gains by about 2 1/2 percentage 

VoTnli, a trend ^fairly typical of the early 

model test results and Is \he^® 

the relatively poor performance of the sin 

gle rotation propellers. 

PROPELLER PARAMETRIC ANALYSIS 

BASELINE PROPELLER DEFINITION - Using 
modern computational techniques for deter- 
mining aerodynamic performance, acoustics, 
and weight, a parametric analysis of oo®®^®^ 
jSaSr propellers (CRP) was performed to 
produce a preliminary CRP design at a 
tvDical Mach 0.8/35000 foot cruise al^’^u^e 
minimized mission fuel for a 

transport. This oarametS 

specification of the bas^lne CRP Parameter 

values displayed in Table 2 which were 
selected on judgment alone. This bas 

has a blade geometry similar 

hiaded single rotation prop-fan (S ) 

\;i.9 '“Vhe “ten 

SadJs were divided five to a 
three quarter radius front and rea 

.ngles «re set WP'®:;?**'' 
absorb the same power at equal ^iP speeds. 
The blade twists were modified to '"ax^'^^J® 
efficiency and to have 

Slw'S; (API .n‘" ^ .ere v.rled 
ro‘..«l»i« eTfl'cleU for «ie Inflo. nto 
the counter rotation propellers, 
result the blade widths were narrowed by 
aSut 6 percent relative to the SR propeller 

to an activity JJ? Aft^cVeffi- 

the camber ’o 

dent) was increased from 0.21 to 0.3 1. 


AERODYNAMIC PERFORMANCE - ® 

average cruise point analysis and this base 
llSr Geometry, cruise efficiency variations 
with power loading and ^ 1 P speed were deter- 
mined as shown In figure 5. The peak etn 
rieScy is slightly higher than 89 percent 
and occurs at about 700 feet per second tip 
speed and somewhat higher power loading than 
the 32 SHP/d 2 baseline. Efficiency is not 
strongly affected by power loading as Indi- 
cated previously by the Ideal efficiency 
curves ^(flg. 4). The comparatively low 
efficiency level at 600 feet per second tip 
fpled fs partially due to the non-optImum 
baseline geometry for such a low speed- It 
is reasonable to expect an efficiency 
morovement for a dedicated low tip speed 
design by raising solidity, raising camber, 
and retwisting. For ®>‘®™P’®* * 
lation with 50 percent more solidity at 35 
SHP/o 2 produced a 0.6 percent ^ 

Sprovement. Nevertheless, t^e added weight 
acftneiated with the increased solidity more 
than offset the cruise efficiency improve- 
meS. Furthermore, low tip speeds adversely 
affect takeoff performance too. 

WEIGHT TRENDS - The weights of the pro- 
pellers, gearboxes, landing 9®®'^» 
lage acoustic treatment are I ®®^®‘* 
the propeller power loading and tip speed. 
Hence the weight of each of these subsystems 
wS determined to enable performance versus 
w^ght tradeoffs to be included in the over- 
all selection of CR propeller parameters. 

Weight trends for two counter rotation 
orooeller systems. Including blades, sP'<o- 
ner pitch change system and disk without 
tail shaft, are shown at the left of figure 
6. Propeller weights are shown to decrease 
with increasing power loading 
diameter) and decreasing tip speed. .^®”®J' 

allzed gearbox weight -’A ^ 

rpntpr of the figure, are similarly affected 
by power loading but inversely affected by 
the lower torques of the higher tip speeds. 
The effect of power loading on the landing 
gear we?it of a low-wing airp ane is shown 
by the curve at the right In figure 6. The 
smaller propeller diameter 
increasing power loading results in lower 
landing gear weights. These *1®^^ **®''® 
culated from Information provided by the 
Lockheed-Callfornia Company and reference 
(3). 

From the estimated "®®'"'^|.®^‘‘ , J?’®! 
levels at the fuselage, shown on the left of 
Haure 7 (dIscussed later) the required 
fuselage ’treatment weight to attain 82 
cabin noise level was calculated as a func- 
tion of tip speed and power loading as shown 
on the right. It can be seen that minimum 
treatment weight Is obtained with ^*)® 
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minimized. Also, If operation at higher tip 
speeds Is selected, then acoustic treat- 
ment weight Is minimized at high cruise 
power loading. This trend Is caused by the 
Increased tip clearance at higher power 
loadings and resulting lower fuselage side- 
wall noise. The equations used to calculate 
each of the subsystem weights are listed In 
the appendix. 

The total relative CRP weight trend is 
shown In figure 8. This Includes two base- 
line counter rotation propellers, two gear- 
boxes, the landing gear and fuselage acous- 
tic treatment. The weights are relative to 
the baseline power loading of 32 SHP/D‘ 
and tip speed of 700 feet per second. Since 
all four components become lighter with 
Increased power loading, the total weight 
does also. High tip speeds favor lighter 
weight gearboxes but the reverse trend for 
the propeller assembly and acoustic treat- 
ment combine to drive the selection toward 
lower tip speeds. 

PARAMETER SELECTION - The foregoing 
propeller efficiency and total system weight 
data were used together with sensitivity 
trade factors to determine the power loading 
and tip speed that minimize mission fuel. 
The trade factors were generated by 

Lockheed-Georgia for a 100 passenger, Mach 
0.8 twin engine transport powered by single 
rotation prop-fans: 1.0 percent fuel burned 

difference results from either a 0.8 percent 
change in propeller efficiency or a 790 
pound total weight change. The resulting 

fuel burned curves (fig 9) show that some- 
what higher power loading and tip speed are 
desirable relative to the original baseline 
values. A power loading of about 37 HP/D^ 
and a tip speed of 750 ft/sec result In 
about a 1 percent fuel Improvement. 

Using these power loading and tip speed 
values, additional Investigations were per- 
formed of several secondary variables; 
namely, the number of blades, blade sweep, 
spacing between the front and rear propeller 
disks, nacelle-to-propeller diameter ratio, 
front-to-rear tip speed ratio, and front- 
to-rear propeller diameter ratio. The 
effects of these geometric variables on fuel 
burned, cruise efficiency, and component 
weights are shown In figure 10. 

The effects caused by varying the number 
of blades relative to the baseline CRP are 
shown In figure 10(a) and Indicate fuel 
burned Is reduced with Increasing number of 
blades. The solid lines In the figure con- 
nect 8, 10, and 12-b1aded configurations 

having the same total activity factor (the 
product of activity factor per blade and 
number of blades). Relative to the 10- 
bladed baseline, the blade chords are wider 


with eight blades and narrower with twelve 
blades. Cruise efficiency and acoustic 
treatment weight are significantly Improved 
for 12-blades and fuel burned Is down 2 
percent. However, blade design practice has 
shown that the narrow chords of a 12-bladed 
arrangement would require thickening to be 
structurally feasible. Thickening would 
adversely affect performance, and to circum- 
vent this an alternative configuration was 
analyzed having twelve baseline blades — 
total activity factor Increased 20 percent, 
from 1800 to 2160. This configuration, 
shown by the open-circle symbols in figure 
10(a), also adversely affects efficiency, 
propeller weight, and acoustic treatment 
weight, but fuel burned is still 0.9 percent 
lower than the baseline 10-bladed CRP. 

Single rotation prop-fans have demon- 
strated that Incorporating blade sweep has 
the effect of Improving efficiency and 
reducing noise at cruise. This trend was 
also found to be true In the CRP parametric 
study as Is shown In figure 10(b). Both 
cruise efficiency and acoustic treatment 
weight are quite adversely affected as tip 
sweep Is reduced below the 40*^ baseline 
sweep. The straight bladed configuration 
requires about 3600 pounds of additional 
acoustic treatment and Its cruise efficiency 
is down by more than 6 percent. These are 
the nrincipal contributors to the 12 percent 
increase In fuel burned for the unswept 
CRP. Careful attention to design details 
has shown that the efficiency decrement for 
an unswept SR prop-fan can be maintained at 
about 3 percent. Similar penalty allevia- 
tion is expected to be possible for the 

unswept counter rotation propeller. Propel- 
ler sweep angles greater than about 45° 
result In Increased blade structural 
limitations. 

Sweeping the blades forward rather than 
rearward produced a 2 percent fuel reduction 
due to efficiency Improvement. However, 
this trend was not anticipated and at this 
time Is judged to need further Investiga- 
tion, both analytically and experimentally. 
Should forward sweep actually prove to pro- 
vide a benefit. It should be noted that 
similar Improvements would occcur for single 
rotation prop-fans. 

Disk spacing Is Illustrated by the 

sketch on figure 10(c). Changes In fuel 

burned, cruise efficiency and component 
weights are shown for blade centerline 
spacing ranging from 18 percent to 36 per- 
cent of the CRP diameter. The plot 

Indicates minimum fuel burned at minimum 
spacing. The smallest spacing represents 
the minimum practical clearance between the 
trailing edge of the front blades and the 
leading edge of the rear blades due to blade 
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pitch chanyo. Tho effect of spaciny ou 
cruise efticioncy Is iuHiliy1hl<' and because 
tfie aerodynamic interaction noise is not an 
important noise source, spaciny has little 
affect on the acoustic treatment weigfit 
required to reach the dBA cabin noise 
objective. The only significant change for 
doubling spacing is a 1130 pound increase in 
gearbox weight related to shaft critical 
speed factor penalties. The gearbox weight 
Increase together with the other minor 
changes in cruise efficiency, CRP weight and 
acoustic treatment weight, increase fuel 
burned by 1.3 percent. 

Nacelles ranging in size from 2b to 3b 
percent of the propeller diameter were also 
investigated. This encompasses sizes 
typical of single rotation prop-fans (3b 
percent) and the smaller nacelles which are 
conceptually feasible for an inline CPK 
planetary gearbox. SR prop-fan nacelles are 
designed to minimize compressibility losses 
where the large diameter effectively reduces 
the local velocities in the propeller 
plane. The effect of this is to minimize 
compressibility losses, particularly the 
inboard blade row choke losses. Counter 
rotation propellers, which have large chan- 
nel areas in both the fren^ and rear blade 
rows, are less susceptible to choking losses. 

Tho effect of nacelle size on cruise 
efficiency and fuel burned is shown in 
figure 10(d). Cruise efficiency is 
adversely affected by the somewhat higher 
compressibility losses for the smaller 
nacelles. This would result in an increase 
in fuel burned. However, accounting for the 
decrease in nacelle friction drag with 
reduced nacelle diameter, it appears that 
the nacelle size has almost no effect on 
fuel burned. Therefore, the optimum nacelle 
diameter can be selected as that which is 

conceptually most compatible with the pro- 
pulsion system design. Nacelle weight was 
not included in the analysis and decreasing 
the size would have a favorable effect. 

The effects of operating the front and 
rear propellers at different tip speeds are 
shown in figure 10(e). Front-to-rear tip 

speed ratios of 1.1 and 0.9 were analyzed 

assuming that the average tip speed is 7b0 
feet per second, the same as the baseline 
which lias a 1:1 tip speed ratio. Neither 

l»ropeller weight nor gearbox weight are 
appreciably affected and are, therefore, not 
plotted. Ihe cruise efficiency is slightly 

lower and the acoustic t?*eatmenl weight is 
slightly higher tnan the baseline cRP for 
either non-unity tip speed ratio. ^hese 
changes result in 0./ percent and 0.4 per- 
cent increases in fuel burned at tront-to- 
rear tip spt'eds of 0.^0 and 1.10, 

respect i vt'ly . 


A third tip speed perturbation was ana- 
lyzed that consisted of a lO-bladed single 
rotation prop-fan operating at /bO feet per 
second tip speed and followed by seven, 
non-rotating swirl recovery stators (infi- 
nite tip speed ratio CKF). Hiis configura- 
tion has an efficiency levt?l that sur- 
prisingly is only 1.1 percent lower than the 
baseline CKP. While the SR prop-fan effi- 
ciency is appreciably lower, the swirl 
recovery stators produce additional thrust. 
Although this is an apparently simpler sys- 
tem with a lower acoustic treatment weight, 
the lower efficiency, heavier propeller 
(rotating and non-rotating blade rows) and 
heavier gearbox increases fuel burned by 1.9 
percent relative to the baseline CRP. From 
the analysis it was also evident tnat the 
thrust addition on the stators was very 
sensitive to small changes in flow inci- 
dence. The efficiency of this conf iguration 
would deteriorate significantly at off- 
design conditions. Some of the efficiency 
loss could be eliminated with variable 
geometry stators, but at the expense of a 
heavier and more complex system. 

Figure U)(f) shows that reducing the 
diameter of the *"ear blades relative to the 
front blades has very little effect upon 
performance, noise (acoustic treatment) and 
fuel burned. This parameter was incorpo- 
rated in the CKP geometry optimization as it 
was felt tnat varying the front and rear 
diameters might reduce aerodynamic interac- 
tion noise and improve efficiency. Although 
the analysis particularly focused on the tip 
vortex Interference, the calculated effects 
were found to be negligible at the 0.80 Mach 
cruise cond i t i on . Aerodynam i c i n ter f erence 

was not found to be a principal noise source 
for tho CRP conf iyurations and it is gener- 
ally found that performance is even less 
susceptible to interference sources. The 
diameters of the front and roar blades were 
varied such that the average diameter was 
held constant. 

Although the focus was at 0.80 Mach 
cruise in the parametric study, some con- 
sideration was given to other mission condi- 
tions. The CRP is required to meet the FAR 
3b Stage 3 far-field noise levels, and at 
the associated low speed conditions aero- 
dynamic interference does contr-ibute to the 
overall noise. A smaller rear pi'opel let- 
diameter could be effective in reducing this 
noise source. Low speed perfonnaiKe, how- 
ever, is adversely affected. 

UNUSUAL FtAUIKLS - In additon to the 
relatively conventional perturbat ions just 
discussed, a number of utiusual features were 
also screened. I hey were conceived as 
ofterirtg tip loss al lev i at iof) , source noise 
reduction, or noth. Whereas sopiiisl icated 
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analytical methodology was used to analyze 
the previous parameters, the unusual fea- 
tures listed In Table 3 could not be ade- 
quately analyzed with available methodolo- 
gies, Therefore, their effects were Inves- 
tigated on the basis of simplified analyses 
and Judgment. 

Only tip devices (proplets) and front 
blade blowing offered any potential Improve- 
ment. The effects of proplets were pre- 
viously estimated in NASA funded studies (4) 
based upon Induced drag reductions that had 
been demonstrated experimentally for wings 
with winglets (5). Blade blowing effects 
were estimated for reducing propeller tip 
losses. Either of these features is likely 
to necessitate blade compromises to acconmio- 
date them, although no efficiency degrada- 
tions were estimated for sucn compromises. 
For single rotation prop-fans, blade leaning 
was found to require performance and near- 
field noise level compromises in order to 
provide a structurally acceptable design. 
Counter rotation propellers would be simi- 
larly compromised. Counter rotating pusher 
rather than tractor prop-fans have no effect 
on cruise efficiency. Because disc spacing 
Is a minor performance consideration, a 
push/pull conf igurat1on--one tractor and one 
pusher propel ler--has a small effect on 
cruise efficiency. 

FINAL CRP CONFIGURATION - Based on the 
foregoing parametric results, the recom- 
mended counter rotation propeller configura- 
tion changed somewhat from the original 
baseline. The number of blades was 
increased to 12, the total activity factor 
was lowered slightly, the tip speed raised 
to 750 ft/sec, the cruise power loading 
increased to 37 SHP/ft^, the nacelle diam- 
eter decreased to 2b percent of the propel- 
ler diameter, and finally, the power split 
changed to 55 percent front/4b percent rear 
(fig. 11). The last modification stems from 
the choice of gearbox type which is 

addressed later. The overall aerodynamic 
performance of 89.1 percent c»‘uise effi- 
ciency compares favorably with the 80 per- 
cent value determined by similar detailed 
analysis for single rotation propellers. 

ACOUSTICS 

The noise produced by a CRP differs from 
that produced by a SRP in two major areas. 
First, aerodynamic interaction occurs in 
which the upstream rotor produces wakes 
which cause interaction at the downstream 
rotor. Second, acoustic Interaction occurs 
betweei] the two rotors. Due to rotor sepa- 
ration and opposite direction of rotation, 
the acoustic signals from each combine at 
field points with differing phase. 


The aerodynamic interaction for the 
original lO-bladed baseline conf iguration at 
700 ft /sec tip speed and 0.8 Mach number 
cruise is illustrated in figure 12. The 

upstream rotor, on the left, has a rota- 
tional component of 59b ft/sec at the 8b 
percent radius and a flight component of 
778.5 ft/sec. The downstream rotor, on the 
right, experiences a fluctuating inflow 
which varies from nearly the resultant of 
the flight component and its rotational 
component to the total resultant including 
the axial and circumferential components of 
the potential flow of the upstream rotor. 
This is indicated in the figure by the solid 
and dashed resultant lines, respectively. 
Because of the particular orientations of 
the vectors, the resulting inflow angle 
change is only 1.1 degrees peak at the down- 
stream rotor. The resulting relative 
velocity varies from 980 ft/sec to 1076 
ft/sec. It is apparent that the potential 
flow wake intP«^action effects are small. A 
second blade wake component is tnat due to 
viscous drag. The viscous wake is also 
indicated in figure 12. This wake component 
results in a velocity deficit due to the 
drag of the blade airfoil section. This 
component generally results in a greater air 
angle change. In this example, the viscous 
wake has the potential for a 5-degree change 
in the downstream rotor anglc-of-attack . 
Although the axial components of the poten- 
tial and viscous wakes almost cancel each 
other, their circumferential components 
add. The total wakes show a peak downstream 
rotor angle-of-attack change of about 5.5 
degrees. 

Each upstream rotor blade produces a 
wake which is intercepted by the downstream 
?'otor. Figure 13 shows a typical wake as 
experienced by the downstream rotor. The 
wake has been resolved into axial and tan- 
gential components. In the axial direction, 
the potential flow and viscous wake compo- 
nents have opposite direction and tend to 
cancel. In the tangential direction, the 
two components add. It should be noted that 
the wakes are relatively narrow, typically 
indicating high frequency components. 
Although the peak tangential component is 
significant, at about lb percent of free 
stream velocity, the narrowness of the wake 
indicates that there is not really much 
energy in the wakes. 

The effect on noise of unsteady loading 
on the downstream rotor due to interaction 
with the wakes from the upstream rotor is 
suniiarized in figure 14. This figure is a 
polar plot of the noise levels for tiie first 
three harmonics of loading noise produced by 
the downstream rotor. Ihe interaction pat- 
tern has 10 lobes which is a result of 5 
blades interacting with i> wakes, bince the 
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upstrOiMit .inJ downstf.'ain rotors turn In oppo- 
sitr illrootlon, oach hlauo of tho downstn'oiii 
rotor tntorsocls tho upstroam lilailo wako 
twico In each revolution. This proJucos 10 
w.iko Intersections for each ilownstreaiii rotor 
revolution, hence the 10-lobed pattern. A 
secoml Item of note is that the unsteady 
lottdiny effects are small. At the fuiula- 

mentar of the blade passinij frequency IbH;) 
the effect is only about + 1 dB. A cycie 
extendlnq over 36 deqroes liuiy be seen. This 
occurs because the steady and unsteady com- 
ponents are in phase for half this cycle and 
out-of -phase for the other half. A laryer 
effect occurs for the second harmoinc 

because the luu'monic number times the 

blade count (b) equals 10, which couples 
better with the 10-wake pattern. At the 

third harmonic, the wake-interaction effects 
are again small. It is thus apparent from 
figure 14 that the aerodynamic interaction 
effects are small. The resulting unsteady 

loading noise is not a very significant 
component . 

From an acoustic standpoint, the two 
rotors can be considered as two sources of 
no iso. Since they avc rotating In opposite 
directions, their acoustic signals at a 
given field point will have different 

arrival times. If the two rotors rotate at 
tho s.wie speed, as is noniially the case, the 
difference in arrival times of the acoustic 
signals from the two rotors is variable 
dependino on the location in space, lluis, 
there wll be acoustic interaction .between 
the two rotors. In fact, tliere will be 
field points wliere the acoustic signals 
arrive in phase. At these points, the noise 
produced by the CKP is like that ot a single 
^-bladed rotor, but having levels which are 
6 dB higher. Ihei'o are also field points 
where the .acoustic signals arrive exactly 
out of ph.ise. At these points, the .icoustic 
signature looks like that of a single rotor 
having the same total number ot blades (Ki 
in this c.ise) since tlie odd luirmonics c.vncel. 

It should be noted th.it cancellation 
occurs only when tho acoustic signals from 
tlie two rotors are identical. In general, 
til is is not the case, as tlie downstream 
rotor has a different signature due pri- 
marily to the aerodyiKimic interaction. 
However, as pr('viously showti, tlie 
dvn.imic inter .ict ion during cruise is small 
so the .icoustic signatures from the two 
rotors are very mucIi the s.v'U’. 

f igure lb shows a suinnary of the nrar- 
I ield iioise components of tlie I'Hf’ in cruise 
comp.ired to the noise of an equivalent bKI’. 
(In this context, "equivalent" means the 
s.iiiH' diiimeter, s.ime tip speed, s.ime tot.il 
power, .ind s.ime total number ot blades.) 
Ine loading noise component, wiiicti is the 


only one Influenced by aerodynamic, intor.ic- 
tion. Is seen to be small beyond the first 
li.irmonic. iiie remainder of the spectrum Is 
mainly thickness noise .ind qu.idrupole 

noise. llie upper short liori/ontal bars 

indicate the po.ik levels wliicn occur wiien 
the acoustic signals combine in phase. It 

should bo noted that the spatial positions 
for which this occurs are not necessarily 
the same at each harmonic. Also shown, are 
the minimum values, which occur when the 
.icoustic signals .ire out of pluise. At the 
1, 3, and bth harmonic, the acoustic signals 
aliiKist cancel perfectly. Ihis is the^ case 
for which the acoustic signal of the CKP is 
essentially like that of the equivalent 
SRP. Advantage of this azimuthal direc- 
tivity could lie taken by placing the fuse- 
lage in one of the "valleys." However, 
since a b oy b b laded CRP produces the 10 
lobes, the valleys are only 36 degrees 
apart. This angle is small compared to the 
iitcludod anylo dot i tied by u typicdl fusold^o 
so that several peaks and valleys would 
occur on the surface • Tlie space averaged 
total noise on an energy basis is shown by 
the solid line. The SRP has energy only at 
even harmonics of a 10-blade propeller as 
shown by the large circles. Compared to the 
noise of a SRP, the total acoustic energy of 
the CRP is about tlie same, mostly because 
tlie aerodynamic intei' action is small. How- 
ever, in a spatial average, the CKP has all 
the frequency components of a single rotor. 

Figure lb shows tlie impact of the addi- 
tional froquoiicy components of the CRP on 
cal in noise. Foi* tliis example, the cabin 
noise of a CRP-powored airplane is compared 
witli that of a SRP-powered airplane having 
identical fuselage acoustic treatment. It 
was assumed that the signal attenuation 
tlirough the fuselage sidewall obeyed the 
mass- 1 aw rel at i on--attenuat ion proport i on a 1 
to the mass times tiie frequency. Ihe source 
noise levels are the space-averaged levels 
of tiie CKP and those of an equivalent SRP. 
The spreading of the acoustic energy over a 
broader frequency range results in the cabin 
noise for the CKP being l.i> dl3A higher than 
that for the SRP. Ihis occurs mostly due to 
the low ft'oquency component, as the t use I age 
acoustic treatment is less effective at 
lowet‘ frequencies. 

Synchi'ophas ing can also be used to turthei' 
offset interior noise oi' treatment weight 
penalties. However, the benefit would he 
comparabit for SKP and CKP. 

both the aerodynamic and ati'ustic CRP 
vonf igutwt ion optimization were done for tho 
O.H Macn number cruise condition. Howevei', 

it is also reqviired that an airplane powered 
by CKP be eertifiahle from a noise stand- 
point. Ihus, there is an acouslu 
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constraint for takeoff and approach condi- 
tions; namely, that the airplane meet FAR 
Part 36, Stage 3 noise requirements. 

From the aerodynamic trade study on tip 
speed and power loading, it may be recalled 
that the curve of fuel burn versus tip speed 
minimized at a tip speed of 750 ft/sec and a 
SHP/d 2 of 36.8. At these conditions, it 
is apparent from Table 4 that the far field 
noise limits can be met, assuming moderate 
additions for engine and airframe noise 
contributions. 

VIBRATORY AERODYNAMIC EXCITATIONS 

Two factors which determine the stress- 
ing of the propeller blades are the vibra- 
tory aerodynamic excitations and the propel- 
ler dynamic response characteristics. The 
structural design of the blades are strongly 
influenced by these factors. 

AERODYNAMIC EXCITATION - The primary 
vibratory aerodynamic excitations are caused 
by the angular and distorted flow field in 
which propellers operate. The major aero- 
dynamic excitation occurs at frequencies of 
one times the rotational speed, IP, because 
of the angular inflow into the propeller 
caused by the wing circulation, inclined 
airflow aircraft geometry and aircraft wake 
effects. This IP excitation depends on the 
wing loading and can be controlled to some 
extent by nacelle length and tilt. 

The worst IP aerodynamic excitation 
usually occurs for maximum aircraft gross 
weight at the minimum climb speed without 
deployed flaps, and would be the same for 
the CRP and SRP except for the flow 
straightening effects of the front and rear 
rotors on each other due to induction 
effect. An approximate analysis of a 
typical swept wing prop-fan aircraft with 
11.4 feet diameter, l2-bladed, 12,000 HP 
prop-fans indicates that the angularity of 
the flow into the front rotor would be 
decreased about 8 percent by the induction 
effects of the rear rotor and that the rear 
rotor angularity would be decreased about 18 
percent. However, it is believed that other 
effects such as the increase in flow 

velocity and the straightening effect on SRP 
from induction would decrease this angular 
improvement in IP excitation to about 5 
percent and 10 percent respectively. Exper- 
imental tests are required to determine the 
actual IP excitation improvement of CRP's 
over SRP's. 

The only significant higher order flow 
field excitation is usually due to wing 
sweep that occurs at a frequency of 2P. It 
is doubtful that the induced effects of the 
rotors on each other will significantly 


affect the magnitude of the 2P excitation or 
any other even order excitation because of 
flow symmetry. While the higher order CRP 
excitations are predicted to be of the same 
order as those for the SRP, tne dominant 
excitation is IP where the CRP configuration 
is superior (fig. 17). 

The CRP will also have excitations due 
to blade passage wakes at a frequency of NP, 
where N is the total number of blades. A 
cursory analysis using the resulting load- 
ings from the acoustic analysis shows that 
the blade passage loadings are very low. 
This result is supported by information in 
the literature, Hamilton-Standard experience 
in the 1940's, and the experience with the 
Shackelton bomber. 

DYNAMIC CHARACTERISTICS - The effect of 
the aerodynamic loads can be magnified by 
the dynamic characteristics of the propel- 
ler. Propellers react dynamically with an 
aircraft in one of the three modes (reac- 
tionless, whirl, or symmetric) as illus- 
trated in figure 18. Without sychrophasing, 
the CRP will react with the aircraft with 
twice as many whirl and symmetrical modes as 
an equivalent SRP because it is the number 
of blades per rotor and flow field excita- 
tions that determine these inodes; e.g., for 
a 6 X 6 bladed CRP whirl modes will occur at 
5P and IIP (forward) and 7P and 13P (back- 
ward), whereas for an equivalent 12 bladed 
SRP only the IIP (forward) and 13P (back- 
ward) whirl modes occur. Likewise the 6 x 6 
bladed CRP symmetrical modes will occur at 
6P and 12P whereas they occur only at 12P 
for the 12 bladed SRP. However, with 
phasing (between disks) and synchrophasing 
(between engines) it is possible to make the 
CRP symmetrical modes (6P and 12P) cancel. 
Without synchrophasing and proper phasing, 
the symmetrical modes can combine so that 
they beat or add in which case they can be 
as great as the 12P excitation of the SRP. 
In addition, the 6P excitation is a 
symmetrical mode for the CRP whereas it is 
reactionless for the SRP. 

By proper phasing and synchrophasing it 
is also possible to make the propeller loads 
on tne aircraft due to the whirl modes com- 
bine to form linear loads, thus resulting in 
smoother aircraft operation. However, the 
5P and 7P loads of the CRP will still react 
with the aircraft at 6P, wnereas these cor- 
responding excitation modes are reactionless 
for tne SRP. Thus without proper phasing 
and synchrophasing, the CRP aircraft will be 
subjected to more reaction inodes than a SRP 
aircraft (6 vs. 3). With proper phasing and 
synchrophasing this ratio can oe reduced to 
4 vs. 3. 
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Uecduse tiui roqulred phaslnq of the two 
rotors will differ for the whirl and sym- 
metrical inodes, the optimum phasiny will be 
a compromise to be determined by test and/or 
sophisticated analysts. This is similar to 
synchrophasiny on multi -propel ler SKP air- 
craft except that cancelling or minimizing 
excitation loads at the single CRP source Is 
more beneficial for overall aircraft smooth- 
ness. The significance of these results is 
that the CRP aircraft will experience 
slightly higher prop-fan aerodynamic excita- 
tion loadings; however, the impact should be 
small with proper phasing and synchrophasing. 

Similarly the propeller blade response 
characteristics should be about the same for 
CR and SP propellers except for blade reten- 
tion and aircraft impedance effects. 

A review of likely blade natural fre- 
quencies shows that the blade critical 
speeds for the lower blade modes will be 
well below the operating speeds, and, there- 
fore, there will be little magnification of 
the blade passage excitations. 

A cursory evaluation was also made of 
(1) CRP whirl flutter stability and its 
effect on aircraft stability and (2) stall 
and classical flutter stability as they 
affect the propeller. Counter rotation 
helps the whirl flutter stability by elimi- 
nating the gyroscopic coupling and cross 
aerodynamic moments increase stiffness. 
Because stall flutter is usually an indi- 
vidual blade phenomenon and a function of 
blade loading and torsional natural fre- 
quency, stall flutter for the CRP should be 
about the same as for the SRP. Similarly it 
is felt that classical flutter stability for 
the CRP will be the same or slightly better 
than for a SRP of the same number of 
blades. This is due to the lower aero- 
dynamic coupling between the blades. 

The brief vibration evaluation indicated 
that there are no apparent adverse effects 
due to counter rotation. In fact, there are 
a number of areas in which the CRP should be 
better than the SRP. Some of these benefits 
pertain to the propeller itself, but a num- 
ber have a significant effect on the air- 
craft from control and structural stand- 
points. The aircraft related benefits 
include lower IP aircraft steady loads, 
better whirl flutter stability, and elimina- 
tion of gyroscopic loads. 

COUNTtR ROTATION GtARBOXES 

Since counter rotation propellers pre- 
sumably require complex gearboxes an effort 
was initiated to assess this issue. The 
general approach was to consider a wide 
variety of potential gearbox conf igurat ions , 


perforin a screening process to narrow the 
field of candidates to only a few, and then 
evaluate these chosen few in enougl* depth to 
adequately characterize advanced technology 
CK gearboxes. 

This pi'ocess began with a literature 
survey that identified counter rotating 
reduction gear systems built from the late 
1940*s through the 19 70S. The survey 

Identified approximately twenty counter 
rotating gearbox applications covering tur- 
bine engines, reciprocating engines, and 
helicopter rotors. Significant design and 
operating characteristics such as power, 
speeds, torque, number of stages, weight, 
size, and efficiency were compiled. Infor- 
mation on gearbox life, maintenance cost, 
replacement cost, and noise was not avail- 
able in the open literature. 

Of all the concepts surveyed, only two 
have a significant amount of operating 
time: (1) the differential planetary used 

in the Russian NK12M turboprop engine (for 
the TU9i>, TUI 14, and AN-22 aircraft) was 
introduced to service in 1958 and is still 
used today, and (2) the spur with reversing 
idler reduction gear system for the Rolls- 
Royce Griffon reciprocating engine in the 
Shackelton aircraft has been in service 
since 1950. As a result of the survey, five 
in-line and five offset reduction gear con- 
cepts which merit further investigation were 
identified. 

IN-LINE CONCEPTS - The five in-line 
concepts, illustrated in figure 19, include 
the differential planetary, split path 
planetary, compound planetary, planetary 
with reversing bevel, and multiple compound 
idler concepts. 

The differential planetary concept is 
the simplest epicyclic (planetary) system 
for counter rotation. The front prop is 
driven through the planet pinion carrier 
while the rear prop is driven through the 
ring gear. The front prop rotates in the 
same direction as the input shaft while the 
rear prop rotates in the opposite direc- 
tion. The equilibrium torque distribution 
for each prop is fixed by the geometric 
design considerations related to gear 
diameter. The propeller power split corre- 
sponds to the torque split when the prop 
speeds are equal aiid opposite. The power 
split and relative propeller speed is con- 
trolled by the blade pitch of each propeller. 

Tne split path planetary concept con- 
verts the differential planetary configura- 
tion to a gt'ounded system with a fixed speed 
ratio to each propeller. As In the differ- 
ential planetary, the planet pinion carrier 
drives the front prop while the ring gear 
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drives the rear prop. Front prop and Input 
shaft rotate In one direction while the rear 
prop rotates In the other direction. Multi- 
ple bevel Idler gears arc supported by the 

gearbox housing grounding the differential 
planetary system and Imposing equal and 
opposite propeller speeds at any propeller 
power split. Changes In propeller pitch in 
this system cannot Influence the propeller 
power or speed split which could simplify 

the propeller pitch control for this system 
relative to the differential planetary sys- 
tem. The bevel Idler gears carry about 10 

percent of the rear prop power when the 

power split between the propellers Is equal. 

The compound planetary concept is an 
alternate approach to a grounded planetary 
system. As In the differential planetary 
concept, the planet pinion carrier drives 
the front prop while the ring gear drives 
the rear prop. The planet pinions are dual 
diameter (tandem) pinions with the smaller 
pinion engaging the grounded ring gear. The 
diameter of the grounded ring gear estab- 
lishes the speed of the planet pinion car- 
rier and the front propeller. The diameter 
of the grounded ring gear can be selected to 
Impose equal and opposite propeller speeds 
regardless of propeller power split. This 
concept with the rear propeller shaft 
removed is representative of a single rota- 
tion propeller system used extensively 
(Rolls Royce Tyne turboprop engine). 

The planetary with reversing bevel con- 
figuration represents an "add on" conversion 
of a single rotation propeller drive to 
achieve counter rotation. This system was 
used in the reciprocating Pratt & Whitney 
R4360 engine. The front propeller is driven 
through the planet pinion carrier while the 
ring gear is grounded to the gearbox housing 
as arranged in the single rotation planetary 
system. Counter rotation is provided by 
driving the rear propeller through a 
multiple bevel Idler gear from the front 
propeller shaft. One hundred percent of the 
rear prop power is carried by the bevel 
Idler gears at any power split between the 
propellers. 

The multiple compound idler or multiple 
layshaft concept, provides counter rotation 
with an In-line input shaft using fixed 
parallel shafts. Three or more intermediate 
speed Idler shafts are evenly spaced around 
the gearbox centerline. Power is distrib- 
uted evenly to the idler shafts with a 
self-centering input pinion or equivalent 
load sharing device. The front propeller is 
driven through the idler shafts with a sin- 
gle output gear having external teeth while 
the rear propeller is driven with the larger 
output gear having internal teewh. The 
speed of each propeller is fixed by the 


geometric gear diameters and is not affected 
by power split. 

OFFSET CONCEPTS - The offset counter 
rotating gearbox configuration candidates 
Include dual compound Idler, spur with 
reversing Idler, dual compound Idler with 
reversing Idler, compound bevel, and spur 
differential planetary concepts (fig. 20). 

The dual compound Idler concept is an 
offset shaft version of the multiple com- 
pound Idler parallel shaft system discussed 
above. This concept Is based on previous 
studies which found this system to be an 
attractive single rotation reduction gear 
concept. Two Intermediate speed idler 
shafts are located between the input and 
propeller shafts, one on each side of the 
gearbox mid-plane established by these 
shafts. This arrangement functions iden- 
tically to the In-line version. 

The spur with reversing idler concept is 
the simplest fixed parallel shaft system for 
counter rotation. This concept has been 
used extensively with reciprocating engines 
including the Rolls Royce Griffin and Merlin 
engines. The front propeller is driven 
directly by an output gear which meshes with 
the input pinion gear. The rear propeller 
Is driven through an idler gear which meshes 
with a second input pinion and a correspond- 
ing output gear. The rear propeller pinion 
and gear diameters are smaller than the 
front propeller diameters to avoid direct 
engagement, allowing the idler to reverse 
the rear propeller rotation relative to the 
front propeller. 

The dual compound idler with reversing 
idler concept replaces the internal output 
gear of the dual compound idler concept with 
an external output gear and reverser idler. 
The power distribution between the idler 
shafts and between the propellers follows 
the principles of a dual compound idler 
concept. The propeller speeds are fixed by 
geometric gear diameter relationships. 

The compound bevel concept Is the sim- 
plest fixed non-parallel shaft system for 
counter rotation. This system has been used 
In helicopter applications by Gyrodyne. A 
single Intermediate speed Idler shaft is 
located at right angles to propeller 
shafts. The idler shaft is driven by a 
bevel gear which engages the Input bevel 
pinion located at any convenient angle. The 
front propeller is driven by an output bevel 
gear which engages the aft side of the idler 
pinion while the rear propeller output bevel 
gear engages the front side of the idler 
pinion. 
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The spur d 1 f f erent 1 al planetary concept 
converts the In-line differential planetary 
system to an offset shaft arrangement which 
Improves access to the propeller pitch con- 
trol components In the output shaft* The 
planetary sun gear is driven through a quill 
shaft from a spur gear engaging an input 
shaft pinion* The sun gear speed may be 
designed to be equal to or less than the 
input speed from the turboshaft engine. As 
in the in-line differential planetary sys- 
tem» torque distribution to each propeller 
is fixed by the gear diameter ratio and the 
relative propeller speed is controlled by 
the blade-pitch angle each propeller* 

GEARBOX CONCEPT SCREENING - The in-line 
planetary with reversing bevel and the off- 
set spur with reversing idler reduction gear 
concepts were eliminated from further con- 
sideration because a gear ratio of approxi- 
mately 10, consistent with turbine engine 
designs, could not be met with these sys- 
tems. Both of these systems were utilized 
in reciprocating engines where the gear 
ratio was in the 2 to 3 range* The remain- 
ing eight concepts were subjected to a 
“forced decision** screening process (6) that 
involved experienced personnel establishing 
a set of weighting factors for each of the 
evaluation parameters: reliability, effi- 

ciency, maintenance, acquisition cost, 
weight, technical risk, ease of sealing, 
acoustical signature, spatial envelope, and 
pitch control accessibility (a factor in 
maintenance but considered important ^ ough 
to be Identified separately). The assess- 
ments were based on an analysis of each 
gearbox concept that included sizing the 
gears and bearings, and sketching each con- 
f 1 gurat ion to i dent i f y the number of bear- 
ings, gears, and the output shaft and 
propeller pitch control spatial envelope 
requirements. To size the gears, the gear 
diametral pitch, pitch diameter, gear face 
width, bending stress, contact stress, rim 
thickness, and tooth rib and web volume were 
determined. To size the bearings, the mean 
load capacity BIO life, and envelope dimen- 
sions and volume were determined. From this 
Information, preliminary estimates of effi- 
ciency, acqui'-.ition cost, weight, mainte- 
nance requirements , pitch control accessi- 
bility, and spatial envelope were made. 
Judgement of experienced per senna 1 was used 
to assess the reliability, technical risk, 
ease of scaling and acoustical signature. 
Both the weighting factors and the design 
evaluation assessments were reviewed with 
staff members of Pratt & Whitney, Hamilton- 
Standard, and Sikorsky Aircraft. 

The “forced decision** analysis led to a 
figure of merit that was used to select the 
best in-line and the best offset reduction 
gear concepts. The figure of merit is the 


sum of the products of the weighting factors 
and design evaluation assessment raw scores 
determined for each of the ten parameters. 
The assessment raw scores could range from U 
(minimum) to 1 (maximum). 

Tables 5 and 6 display the details of 
this process, and the total weighted score 
for each concept. These scores are compared 
in figure 21. The differential planetary 
concept scored significantly higher than any 
other in-line configuration. Among the 
offset reduction gear concepts, the dual 
compound Idler and spur differential plane- 
tary systems are approximately equal in 
value. Therefore, the concepts selected for 
further evaluation included (1) differential 
planetary in-line, (2) dual compound idler 
offset, and (3) spur differential planetary 
offset. 

Figure 22 summarizes the results of this 
evaluation Including sketches that are 
approximately to scale. The in-line differ- 
ential planetary configuration has the 
fewest number of gears and bearings and 
highest relidDility. However, it does have 
a disadvantage in that the propeller pitch 
control accessibility is the worst of the 
three systems evaluated. In fact, it likely 
will require complete removal of the gearbox 
from the aircraft. The impact of this is to 
reduce the mean time between removals 
(MTBR). Nevertheless, since the differen- 
tial planetary configuration is the most 
efficient, the lightest, and the least 
expensive of the candidates, it still yields 
the lowest mission fuel and the lowest air- 
plane DOC. 

GEARBOX TECHNOLOGY - The technology 
level used in the gearbox study is consis- 
tent with that being currently Investigated 
in various government and industrial pro- 
grams for the 1990 time period assumining 
adequate funding. It represents a substan- 
tial improvement over current technology as 
detailed in Table 7. The advanced transmis- 
sion technology materials and sophisticated 
design techniques would markedly increase 
system reliability while reducing weight. 
An indication of weight improvement over 
early technology is given in figure 23. 
Noted on this figure is information avail- 
able from the open literature on a number of 
existing or early counter rotation reduction 
gear systems including the Double Mamba, 
Python, Allison T40 and the Russian NK-12 
engine gearbox. The estimated weight 
decrease for an advanced 12,000 SHP CR gear- 
box is 15 to 20 percent. 

AIKPLANE/MI5S10N BENEFITS 

fo determine the impact of counter rota- 
tion advantages in a typical commercial 
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transport application, a representative 
lOO-passcnQcr, Mach 0.8 cruise speed, twin- 
engine airplane was defined by Lockheed- 
Georgla. ^ low-wing configuration was 
selected with 1300 nautical mile range capa- 
bility at full load. Other design para- 
meters were compatible with the CR propel- 
ler/gearbox tradeoff analysis (I.e., 82 dBA 
cabin noise limit, FAR 36-Stage 3 exterior 
noise constraint, approximately 12,000 take- 
off SHP per engine, and a baseline propel- 
ler-fuselage clearance ratio of 0.8 (clear- 
anca/propeller diameter)). 

This airplane was sized using the 
advanced CR propeller and gearbox configura- 
tions determined from the tradeoff analyses 
and compared with an advanced 10-b1aded SR 
prop-fan powered version. Both the SR and 
CR powerplant definitions used In this com- 
parison are displayed In figure 24. While 
the In-line differential planetary gearbox 
was selected for the CR system, the offset 
compound Idler configuration was selected 
for the SR gearbox based on a separate study 
(7). The difference In gearbox types 
selected reflects differing requirements 
between SR and CR. For example, SR In-line 
planetary gearing Involves such high cen- 
trifugal loads In the planetary pinion bear- 
ings that very short bearing life results— a 
problem absent In CR planetary systems since 
the centrifugal loads are reduce 1 due to the 
carrier not being grounded. In general, 
In-line concepts are more suitable for CR 
than they are for SR. On the other hand, a 
drawback of In-line systems for either SR or 
CR Is the somewhat higher maintenancf cost 
caused by propeller pitch control 
Inaccessibility. If this drawback could be 
substantially mitigated the in-line system 
would be competitive for SR also. In any 
case, the choice of gearbox types is not too 
Important when comparing SR and CR benefits 
since the best SR In-line concept 
(split-path) is only slightly worse than the 
best SR offset concept (compound Idler) on a 
DOC basis (7). 

The potential benefit of using an 
advanced technology counter rotation system 
Is Illustrated In figure 25 for 400 nautical 
mile trip. A fuel saving of 8 percent and a 
DOC reduction of 2.5 percent Is estimated. 
Based on previous analyses, tnese savings 
would not be materially altered at different 
trip lengths, cruise altitudes, or payload. 
An advanced counter rotation propeller sys- 
tem (CRP) Is projected to have an 8 percent- 
age point higher efficiency due to swirl 
recovery and a higher blade count, with only 
a 12 percent Increase In propeller weight 
and 1.6 dBA cruise Interior noise increase. 
With a compact differential planetary gear- 
box (simlllar to the approach used on the 
Russian Bear Bomber), the required 9.7 to 1 


gear ratio can be obtained In only one 
stage. This results In a 15 percent lighter 
gearbox with a 0.2 percent higher efficiency 
than the system required for single rotation 
turboprops. There does appear to be an 
Increase In acquisition and maintenance cost 
with the In-line CRP gearbox. However, 
because of the small size and light weight 
of this gearbox. It may also be possible to 
locate It between the two rotors (Inter prop) 
for additional system benefits, integration 
of the CRP propulsion system with the air- 
craft offers some additional advantages. 
These Include cancellation of torque and 
gyroscopic loads, enhanced aircraft flutter 
stability and Improved aerodynamic Integra- 
tion due to slipstream swirl removal. How- 
ever, with the slightly higher CRP propeller 
interior noise (1.6 dBA) and lower frequency 
noise content, the cabin acoustic treatment 
weight may have to be Increased by about 5 
percent (0.14 percent of aircraft gross 
weight). Based on these performance and 
weight changes, an 8 percent block fuel 
savings and a 2.5 percent DOC reduction Is 
estimated for an advanced CR system relative 
to a comparable SR system. 

CONCLUSIONS 

The CRP fuel savings and DOC benefits 
are large enough to warrent continued activ- 
ities. No serious problems were Identified 
that might preclude realizing these benefits 
through a sound R&T program. Of course, 
even though the CR concept was subjected to 
modern sophisticated aerodynamic performance 
and acoustic analyses, this Is clearly an 
area where experimental confirmation of the 
predicted attributes Is required before 
unequivocal endorsement of CR Is appropriate. 

Meanwhile, continued analytical investi- 
gation would be worthwhile to (1) establish 
better acoustic and vibration predictive 
techniques and (2) extend the current analy- 
ses to other applications, potential solu- 
tions to the In-line gearbox pitch change 
accessibility Issue, and more off-design 
Investigations. The basic technology for 
advanced CR prop-fans and gearboxes Is 
Identical to that for SR propellers and 
gearboxes, at least as far as current under- 
standing permits. But the challenge of 
verifying that advanced design techniques 
can be utilized to lessen the complexity and 
maintenance drawbacks remains. Counter 
rotation Is an area that deserves continued 
attention In our pursuit of advanced propul- 
sion systems. 
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APPENDIX - WEIGHT EQUATIONS 

This appendix defines the generalized 
weight relationships used In the determina- 
tion of the "optimized" propeller discussed 
In the text for a Mach 0.8, low-wing, twin- 
engine, 100-passenger airplane. Units are 
pounds, feet, second, and degrees. 



Wprop 


Wprop 


3.37 X 10-4 

X (Diameter) '‘^46 

X (No. of b1ades)-0‘05 
X (Total activity factor)0*'5 
X (Takeoff tip speed)^*^ 


X (Takeoff shaft horsepower )0* 327 
X [1 +0.1 (sweep angle/40)] 

Gearbox . Wqb 

Wqb * 942. 

X (''^ear rat1o/8. 63)0*15 

X (0.8125 X Torque Factor + 
0.1875) 

+ Spacing Weight 

Where, Torque factor » actual torque/ 
baseline torque 

Spacing weight « 

133. (DS - 1.75) for propeller 
disk spacing (DS) ^ 2.5 ft. 

550. (DS - 2.5) + 100 for DS > 
2.5 ft. 

Acoustic Treatment . W/\x 

W/\f ■ 0.955 

X (No. of propellers) 

X (Propeller diameter) 

X (Nacelle diameter) 

XOREF 

X dB*)/20 


Where, 



C = clearance between propeller and fuselage 
D * propeller diamter 

(TREF = Acoustic treatment weight parameter, Ib/ft^ 
BPF * blade passage frequency, hz 
dB^ * ref. noise level 


Landing Gear , W|_q 

Wlg » 2150 + 240 (D - O^ef J 

Where, Dpef. * propeller diameter at 32 
SHP/ft2 
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Table I. - Historical Counter Rotation Propeller (CRP) Efficiency 
Gains Over Single Rotation Propellers (SRP) 

[Simulated condition: Mach 0.8 cruise at 35 000 ft.] 


mm 

Tip speed 

A Efficiency points 



Experimental* 

laeal** 

20 

600 ft/sec 

11 

8.6 

30 

700 ft/sec 

11 

8.7 

40 

800 ft/sec 

11 

8.4 


* NACA L-384 8-blaae SRP and 4x4 CRP data (isolated). 
**SBAC 8-blaoe SRP and 4x4 CRP 


Taole II. - Baseline Propeller Definition 
[Mach 0.8 Cruise at 35 000 ft.] 


Number of blaaes 

10 (5x5) 

Blade activity factor 

180 

Camber (C|_j) 

0.31 

Power split (front/rear) 

50/50 

Tip Sweep “ 

40“ X 40“ 

Tip Speed Ratio “ 

1:1 

Diameter Ratio *' 

1:1 

Disk Spacing/Oiameter 

.18 

Nacelle/Prop Diameter 

.35 

Tip speed, ft/sec 

700 

Power loading, Shp/D^ 

32 






Table III. - Unusual CR Propeller Features 


Feature 


Impacts 



Cruise 

efficiency 

Noise** 




Cabin 

Far field 

Tip devices 

+1 M* 

0 • 3 dB 
increase 

0 - 1 dB 
increase 

Leaned blades 

Negligible 

Negligible 

Negligible 

Unequal number of blades 

Negligible 

0 • 2 dB increase 

0 - 2 dB 

front and rear 

but adverse 

in annoyance 

increase 

Front blade blowing 

+1% to +2%* 

0 - 1 dB decrease 

2 - 3 dB 
decrease 

Differential blade diameters, 
within a disc 

Negligible 
but adverse 

Negligible 

Negligible 

Pusher or Push/Pull 

Negligible 

0 - 3 dB increase 

2 - 4 dB 
increase 


* Not including blade compromises to accommodate these features 
**Same tip speed and Shp/D^, 
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Table IV. - Far-Fleld Noise Evaluation For CR Propeller 
[Propeller noise only; tip speed, 750 ft/sec; SHP/O^, 36.8.] 



*1476 ft SIDELINE AT 800 ft ALTITUDE 
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Table V. - In-line Counter Rotation Gearbox Screening 
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Table, VII, - Gearbox Technology Comparison 



Current 

technology 

Technology assumed 
available by 1990 

Gears 

Materials 

AMS 6265 

Vasco X-2M or 
Cartech EX-53 

Bending fatigue limit 
Unidirectional, psi 
Reversed bending, psi 
Hertz stress, psi 
Pitch line velocity, ft/mln 

50,000 (|) 

41.000 
126,0001 ') 

30.000 

60,000(J) 

49.000 
151,000(’) 

35.000 

Bearings - M50 CVM material 
System design life (BIO), hr 
Materlal/lubricatlon life factor 

18,000 
6 to 12 

18,000 
20 to 30 

Housings 

Al; 

Advanced, aluminum, 
magnesium, and/or 
stainless steel 

Lubricant 

MIL 23699 
type II 

Synthesized hydro- 
carbon fluid 

Allowable temperature rise, *F 
Load carrying ability, lb/1n 
Flash temperature Index, *F 

40 - 50 
2000 - 3500 
276 

80 - 100 
4000 - 4500 
350 


(1) Typical gear allowable stress - 3 sigma with a coef 
ficient of variation = 0.1, 10^^ cycles 
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Figure 6. • Weight summaries for aerodynamic optimization. 
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Figure 1(1 * Counter rotation propeller geometry optimization. 
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Figure 16. - Propeller induced cabin noise. MacnO.8. 35000 ft cruise. lOOpass. twin engine airplane. 
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Figure ^ Shift reactions for propeller modes. 
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Figure 22. - Counter rotation geartwx assessment 
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Fijun 23L • Comparison otpiattax mights. 
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Figun 2A - Comparison sf UOOO SHP singla and ceuntir roMlon sysliffls. 
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Figure 25. -Countir rotitlon airplirw temflts. 


